Kawasaki disease (KD) is an acute systemic vasculitis that mainly afflicts infants and young children. The symptoms of KD are similar to those of various febrile diseases. Here, we attempted to develop accurate diagnostic biomarkers of KD by performing urine proteomic analysis of samples from healthy controls, patients with KD, and patients with another febrile disease, pneumonia (two patients). We identified differentially expressed proteins (DEPs) in KD as compared to normal controls. We also constructed functional annotation and protein-protein interaction (PPI) networks of DEPs in KD and pneumonia. DEPs common to both KD and pneumonia were identified, as well as DEPs specific to KD. Compared to normal control, 43 and 62 DEPs were identified in KD and pneumonia, respectively. Serine hydroxymethyltransferase 1 is a hub protein of the KD-specific PPI network. Thirteen DEPs common to both KD and pneumonia and 30 DEPs specific to KD were identified. Of these, the expression of eight DEPs could cluster normal and pneumonia samples into one group and cluster KD samples into another group based on hierarchical clustering. Our study identified several DEPs that may play a role in KD and that may serve as diagnostic biomarkers to distinguish patients with KD from both normal control and other febrile diseases.
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Kawasaki disease (KD) is an acute febrile mucocutaneous lymph node syndrome that is characterized by systemic febrile vasculitis symptoms and mainly occurs in infants or young children [1, 2] . Approximately 15-20% of patients with KD who are not diagnosed in time or without treatment may develop coronary artery abnormalities (CAAs) [3] . Moreover, KD is the most common cause of acquired heart disease in infants and young children [4] .
Despite efforts over several decades, the etiology of KD remains elusive and there is no accurate diagnostic biomarker of KD. KD is solely diagnosed based on symptoms including fever for more than 5 days accompanied with manifestations such as skin rash, red eyes, red lips and mouth, swollen and red hands and feet, and swollen lymph nodes in the neck area [3] . However, the manifestations of KD are similar to many other febrile diseases such as pneumonia, scarlet fever, viral infection, juvenile idiopathic arthritis and measles, which may lead to misdiagnosis or delayed diagnosis of KD, especially, the incomplete KD [5] . Hence, it is essential to develop accurate diagnostic biomarkers of KD that could distinguish KD from not only normal controls but also other febrile diseases with similar symptoms.
Pneumonia has typical symptoms, signs and imaging changes, and there are no swollen lymph nodes in the neck area and rash. Therefore, pneumonia is generally not confused with incomplete KD. Proteomic analysis is an emerging and promising field of research. Proteomic analyses could be used to explore the pathogenesis of various diseases and make a contribution to developing potential diagnostic biomarkers and therapeutic targets. Urine is a source of potential markers of disease and urine proteomic analysis has been used to identify key proteins in various diseases such as kidney disease [6] , thrombosis [7] and acute coronary syndromes [8] . A few studies have explored pathogenesis by using proteomic analysis, and filamin C and meprin A were reported to be potential biomarkers of KD [9, 10] .
To further research more accurate and sensitive diagnostic markers of KD, we analyzed the urine proteomes of patients with KD, normal control and patients with another febrile disease, pneumonia. Our study may provide new clues for understanding the mechanism and developing new diagnostic and therapeutic strategies of KD.
Methods

Patients
Four patients with KD (KD 1-4), two patients with pneumonia (Pneumonia 1 and 2) and two normal controls (normal 1 and 2) were enrolled in this study. The diagnostic criteria of KD are fever for at least 5 days combined with at least four of the five following symptoms: (a) bilateral conjunctival injection; (b) erythema of the oral mucosa and/or lips; (c) rash; (d) swelling and redness of the hands and/or feet; (e) an enlarged cervical lymph node of at least 1.5 cm. In addition, patients with fever, three of the five above symptoms, and coronary artery abnormalities according to echocardiogram or angiography could be diagnosed as having KD as well. Patients with fever and fewer than four of the five KD clinical symptoms were diagnosed as atypical or incomplete KD. Patient KD 1 was a 5-year-old boy who was diagnosed as KD combined with hydropericardium based on symptoms including fever for 6 days, swollen lymph nodes in the neck area, and red eyes; patient KD 2 was a 4-year-old boy who was diagnosed as KD combined with myocardial damage based on symptoms including fever for 6 days, swollen lymph nodes in the neck area, red eyes, rash, bayberry tongue, red lip, chap; patient KD 3 was a 3-year-old boy who was diagnosed as KD combined with injury of left coronary artery based on symptoms including fever for 5 days, swollen lymph nodes in the neck area, red eyes, rash; patient KD 4 was a 6-yearold boy who was diagnosed as incomplete KD combined with dilatation of left coronary artery based on symptoms including intermittent fever for 12 days and rash. Two patients with febrile pneumonia had symptoms of fever, namely a 3-year-old girl and a 4-year-old boy. Two normal controls were a 4-year-old boy and a 5-year-old girl. The informed consents of all participants were signed by their guardians. The research protocol was approved by the ethics committee of Beijing Children's Hospital, Capital Medical University. This research complied with the principles of the Declaration of Helsinki.
Urinary protein extraction
Morning urine samples were collected from all the eight participants. All the urine samples were centrifuged at 5000 g for 30 min and the precipitates removed. The supernatants were precipitated at À4°C overnight with three times volume cold acetone added. The precipitates were collected after 10 000 g centrifugation for 30 min and resuspended in lysis buffer (25 mM TEAB, 8 M urea, 2% Triton X-100, 0.1% SDS, proteinase inhibitor) and centrifuged at 18 800 g for 1 h at 15°C. The concentration of proteins in each urine sample was quantified by using 2-D Quant Kit (GE healthcare, Princeton, NJ, USA).
Protein digestion and iTRAQ labeling
Protein digestion and iTRAQ labeling were performed by using an ITRAQ reagent-8plex multiplex kit (AB Sciex, Foster City, CA, USA) according to the manufacturer's instructions. Firstly, 100 lg protein was incubated at 37°C in a water bath for 1 h with 4 lL reducing reagent added and then incubated at 37°C in a water bath in the dark for an additional 30 min with 2 lL cysteine-blocking reagent added. Secondly, the reaction mixture was transferred to a 10K centrifugal filter tube and centrifuged at 10 000 g for 20 min and the filtrate then collected, and the filtration was repeated three times. After 100 lL dissolution buffer was added, the solution was centrifuged at 10 000 g for 20 min and then the solution in the bottom of the filter tube was removed. This was repeated 3 times. Thirdly, 6 lg trypsin (Roche, Basel, Switzerland; dissolved with 50 lL dissolution buffer that was diluted 5-fold) was added and the reaction mixture was incubated at 37°C in a water bath for 15 h. Fourthly, the digested peptides were collected as a filtrate. According to the manufacturer's protocol, the KD, pneumonia and normal samples were labeled with 113-121 ITRAQ reagents. Finally, the pooled samples were analyzed by two-dimensional liquid chromatography-tandem mass spectrometry.
High-pH reversed-phase liquid chromatography separation
By using a high-pH reversed-phase liquid chromatography (RPLC) column (Gemini 5u C18 110 A, 250 9 4.6 mm, Phenomenex), the pooled mixture of iTRAQ labeled samples was fractionated. Samples of 120 lL were loaded onto the column in buffer A1 (ammonium formate, 2 mM, pH 10) six times. A 60 min gradient was performed with 2-95% buffer B1 (ammonium formate, 1.5 mM, pH 10, 80% HPLC grade acetonitrile) at a flow rate of 0.5 mLÁmin
À1
. A total of 60 fractions were collected at 1 min per fraction. The dried 60 fractions were re-suspended by 20 lL 0.1% formic acid and pooled into 10 samples by combining fractions 1, 11, 21, 31, 41, 51; 2, 12, 22, 32, 42, 52; 3, 13, 23, 33, 43, 53; and so on. A total of 10 samples were centrifuged at 16°C, at 16 000 g for 10 min. Three microliters of each sample was analyzed by nano liquid chromatography-tandem mass spectrometry (nano LC-MS/MS).
Nano LC-MS/MS analysis
Each fraction was analyzed with an Easy-spray column (Thermo Scientific, Wilmington, DE, USA; Easy-nLC 1000) with parameters C18, 5 lm, 120
A, 75 lm 9 15 cm. Buffer A2 was 0.1% formic acid in water and buffer B2 was 0.1% formic acid in HPLC grade acetonitrile. The elution gradient was 3-90% buffer B2 at flow rate = 0.3 lLÁmin À1 for 40 min. An orbitrap fusion mass spectrometer (Thermo Scientific) was used to analyze eluted peptides from liquid chromatography. The MS data were acquired in the Orbitrap detector by using the top speed mode with the following parameters: Orbitrap resolution, 120 000 FWHM; cycle time, 3s; dynamic exclusion duration, 40 s; scan range, 350-1550 m/z.
Differentially expressed protein analysis
After data processing, the differentially expressed proteins (DEPs) in both the KD and the pneumonia samples compared to normal control samples were identified with |Abun-dance Ratio ≥1.5 or <0.667. P-value <0.05 was considered significant. Hierarchical clustering of the expression of DEPs was performed by using PHEATMAP in the R language (https:// www.r-project.org/). 
Functional annotation of DEPs in KD and pneumonia
Further research on the protein biomarkers in KD
Firstly, the common DEPs in both KD and pneumonia (two patients) compared to normal control were obtained. Then, hierarchical clustering of the expression profile of these common DEPs in KD, pneumonia and normal control was performed by using PHEATMAP in the R language. Compared to normal control, KD-specific DEPs in KD that did not belong to DEPs in pneumonia were obtained. Hierarchical clustering of the expression profile of these particular DEPs in KD, pneumonia (two patients) and normal control was performed by using PHEATMAP in the R language.
Results
DEPs in KD and pneumonia compared to normal control
A total of 1063 proteins could be quantified in KD and normal groups. A total of 1067 proteins could be quantified in pneumonia (two patients) and normal groups. Compared to normal control, 43 DEPs in KD (37 down-regulated and six up-regulated DEPs; Table 1 ) and 62 DEPs in pneumonia (38 downregulated and 24 up-regulated DEPs; Table S1 ) were identified. Hierarchical clustering of DEPs in KD and pneumonia is displayed in Fig. 1 .
Functional annotation of DEPs in KD and pneumonia compared to normal control
Based on the GO enrichments, complement activation, classical pathway (FDR = 0.0146312), positive regulation of lipid transport (FDR = 0.0160379), extracellular region (FDR = 0.00000607909), calcium ion binding (FDR = 0.000190139) and hyaluronic acid binding (FDR = 0.000152742) were significantly enriched GO terms of the DEPs in KD (Fig. 2) . Vasopressin-regulated water reabsorption, cysteine and methionine metabolism (FDR = 0.000556988) and glycine, serine and threonine metabolism (FDR = 0.00 0439577) were the top three significantly enriched pathways of the DEPs in KD ( Table 2 ). The renin-angiotensin system was a significantly enriched pathway in KD as well (Table 2) .
Hydrogen peroxide catabolic process (FDR = 0.00000374185), lipoprotein metabolic process (FDR = 0.0000344958), extracellular region (FDR = 0.0000000 0556057), peroxidase activity (FDR = 0.00000459332) and haptoglobin binding (FDR = 0.000110832) were significantly enriched GO terms of DEPs in pneumonia (two patients).
KD-and pneumonia-specific PPI network
The pneumonia-specific PPI network consisted of 33 nodes and 39 edges (Fig. 3) . Glyceraldehyde 3-phosphate dehydrogenase (GAPDH; degree = 13, closeness centrality = 0.54), Nucleoside diphosphate kinase B (NME2; degree = 6, closeness centrality = 0.44) and Cofilin-1 (CFL1; degree = 6, closeness centrality = 0.42) were the three hub proteins of the pneumonia-specific PPI network. The KD-specific PPI network consisted of nine nodes and seven edges ( Fig. 3) . Serine hydroxymethyltransferase 1 (SHMT1; degree = 3, closeness centrality = 0.33), Xaa-Pro aminopeptidase 2 (XPNPEP2; degree = 13, closeness centrality=0.54), Adenosylhomocysteinase (AHCY; degree = 2, closeness centrality = 1.0) and Betainehomocysteine S-methyltransferase 1 (BHMT; degree = 2, closeness centrality = 1.0) were the four hub proteins of the KD-specific PPI network.
Common DEPs in both KD and pneumonia compared to normal control
Compared to normal control, a total of 13 common DEPs in both KD and pneumonia (two patients) were obtained. One of these 13 DEPs had no symbol. Hierarchical clustering of the other 12 common DEPs in KD, pneumonia (two patients) and normal control is displayed in Fig. 4A . All these 12 DEPs were significantly down-regulated in both KD and pneumonia (two patients) compared to normal control. The expression of these DEPs clustered the KD and pneumonia samples into one group and clustered the normal samples into another group.
KD-specific DEPs that did not belong to DEPs of pneumonia
A total of 30 common particular KD-specific DEPs were obtained that did not belong to DEPs of pneumonia (two patients). Two of these 30 DEPs had no symbol. Hierarchical clustering of the other 28 particular DEPs in KD, pneumonia (two patients) and normal control is displayed in Fig. 4B . This hierarchical clustering showed that the expression of these 28 particular DEPs apparently clustered all samples into two groups. In these, KD and pneumonia samples were clustered into one group and normal samples were clustered the other group. This result indicated that the expression of these 28 DEPs could be used to distinguish normal groups and disease groups (KD and pneumonia groups (two patients)). Moreover, the expression of eight DEPs (PECAM1, PGLYRP1, AHCY, BHMT, EML3, ICOSLG, IGHV3-23 and RTN4RL2) in normal and pneumonia groups (two patients) was quite different from that in the KD group (Fig. 4C ). Hierarchical clustering of these eight DEPs showed that normal and pneumonia samples were clustered into one group and KD samples were clustered into another group. This result indicated that the expression of these eight DEPs, especially PGLYRP1 and PECAM1, could be used to distinguish KD from both normal control and pneumonia.
Discussion
Due to lack of understanding of the mechanism of KD and misdiagnosis or delayed diagnosis of KD, both the mortality of KD and complications of KD are increased [11, 12] . To develop accurate diagnostic biomarkers that can distinguish KD from normal control and other similar febrile diseases such as pneumonia, we performed a urine proteomic analysis in patients with KD, pneumonia (two patients) and normal controls. Our study identified a total of 43 DEPs in KD compared to normal control. Among them, 13 DEPs were differentially expressed in both KD and pneumonia. Vasopressin-regulated water reabsorption was a common enriched pathway in both KD and pneumonia (two patients). Both KD and pneumonia are febrile diseases, and we speculated that these 13 DEPs and vasopressin-regulated water reabsorption may be closely associated with febrile diseases.
A total of 30 particular DEPs in patients with KD which did not belong to the DEPs in pneumonia were identified. These 30 DEPs may not only play key roles in the pathogenesis of KD but also served as potential diagnostic biomarkers of KD. Moreover, the expression of eight of these 30 DEPs (PECAM1, PGLYRP1, AHCY, BHMT, EML3, ICOSLG, IGHV3-23 and RTN4RL2) clustered normal and pneumonia samples into one group and clustered KD samples into another group, which heightens the importance of these eight DEPs in KD.
One of these eight DEPs was platelet endothelial cell adhesion molecule 1 (PECAM-1), which was found for the first time to be down-regulated in patients with KD at protein level compared to normal control and pneumonia (two patients) in our study. PECAM-1 is a member of the immunoglobulin superfamily, which are major transmembrane glycoproteins mainly expressed on the surface of blood and vascular cells [13] . As an adhesion molecule, PECAM-1 was reported to play key roles in vascular biology such as maintaining the vascular permeability barrier, regulating the migration of monocytes and neutrophils through venular walls, and response of endothelial cell to fluid shear stress, angiogenesis, platelet function and thrombosis [1, 14] . Previous studies have demonstrated that several polymorphisms of PECAM-1 were involved with the development of coronary artery lesions of patients with KD [1, 2] . Moreover, PECAM-1 +373 A/G gene polymorphism was found to be associated with the presence of KD [2] . We speculate that PECAM-1 may play a crucial role in KD and may serve as a potential diagnostic biomarker and therapeutic target of KD. Moreover, PECAM-1 may be used to distinguish KD from other febrile diseases. Further research is needed to explore the precise role of PECAM-1 in KD.
Peptidoglycan recognition protein 1 (PGLYRP1) is another of these eight DEPs and was found for the first time to be up-regulated in patients with KD compared to normal control and pneumonia in our study. It is a member of the PGLYRP family, which regulate innate immunity. No previous study has reported the association between PGLYRP1 and KD. The innate immune system was reported to play a crucial role in the processes of KD, due to elevated pathogen-associated molecular patterns and damage-associated molecular patterns in KD acute phase sera [15] . In addition, treatment with innate immune Nod1 ligand could result in KD-like coronary arteritis in mice [15] . It can be speculated that PGLYRP1 is another biomarker used to distinguish KD from normal control and patients with pneumonia.
Immunoglobulin heavy variable 3-23 (IGHV3-23) was also one of the eight DEPs that was up-regulated in KD compared to normal control. A previous study indicated that it is involved with antibody responses of the immune system [16] . Abnormal immune responses to infectious agents have been indicated to play crucial roles in initiation of KD [17] . IGHV3-23 may play a role in KD by regulating immune responses. Based on KEGG enrichment analysis, the renin-angiotensin system was a significantly enriched pathway in patients with KD that was not enriched in patients with pneumonia. No previous study has reported the association between the renin-angiotensin system and KD. However, activated renin-angiotensin system was reported to be closely associated with endothelial dysfunction and vascular oxidative stress in autoimmune and inflammatory disease models [18] . Moreover, endothelial dysfunction has been found in patients with KD and CAAs. Increased oxidative stress was also found in patients with KD [19] and speculated to play a key role in KD by promoting vascular dysfunction and CAAs with increased production of reactive oxygen species [19] . Hence, we speculate that the renin-angiotensin system may be involved with the pathogenesis of KD by regulating the functions of vascular endothelium. As an enriched protein of the renin-angiotensin system, MME (neprilysin) was down-regulated in patients with KD while not differentially expressed in patients with pneumonia compared to normal control. MME is a type II transmembrane glycoprotein and a common acute lymphocytic leukemia antigen. It may be a potential regulator of KD by regulating the renin-angiotensin system.
According to the KD-specific network, SHMT1 is a hub protein that was down-regulated in patients with KD compared to normal control. SHMT1 is a pyridoxal phosphate-containing enzyme that catalyzes the reversible conversion of serine and tetrahydrofolate to glycine and 5,10-methylene tetrahydrofolate [20] . The biological function of SHMT1 in KD needs further research. Six proteins of the KD-specific PPI network (MME, BHMT, AHCY, RAB11B, PDZK1 and DPEP1) were solely differentially expressed in KD compared to normal control. Their interactions may play special roles in the pathogenesis of KD.
Conclusions
In conclusion, our study provides new clues for understanding the pathogenesis of and developing novel diagnostic and therapeutic strategies for KD based on the common and specific DEPs of KD and pneumonia (two patients). Moreover, we identified several key DEPs, especially PECAM-1 and PGLYRP1, that may play roles in KD and may serve as more accurate and sensitive biomarkers of KD to distinguish patients with KD from both normal controls and patients with other febrile diseases.
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